ABSTRACT Intracellular recordings ofaction potentials were made from the cervical giant axon in Shaker (Sh) mutants and normal Drosophila. The mutants showed abnormally long delays in repolarization. The defect is not due to abnormal Ca2+ channels, because it persists in the presence of Co2+, blocker. On the other hand, the K+-channel blocker 4-aminopyridine causes a similar effect in normal animals, suggesting that the
because it persists in the presence of Co2+, a Ca2+-channel blocker. On the other hand, the K+-channel blocker 4-aminopyridine causes a similar effect in normal animals, suggesting that the Sh mutant may have abnormal K+ conductance. Gene-dosage analysis of Sh shows that the defect is not due to underproduction of an otherwise normal molecule; it may be due to an abnormal molecule produced by the mutated gene. Gel electrophoresis failed to detect an abnormal protein, suggesting that, if Sh codes for a nervous system protein, it is rare. Genetic analysis of the Sh locus indicates three regions. Mutations or chromosome breaks in the two flanking regions cause Sh mutant physiology; the central region shows a "haplolethal effect"-i.e., heterozygous females are lethal.
Mutations that alter neuronal physiology can be used to probe basic mechanisms underlying nervous system function. Flies mutant for the Shaker (Sh) locus in Drosophila melanogaster were detected originally because they shake their legs vigorously under anesthesia (1) (2) (3) . Behavioral abnormalities (wing scissoring, abdominal spasms, antennal twitching) are also observable in unanesthetized Sh adults. Jan et aL (4) found that Sh mutant larvae show abnormally prolonged transmitter release at the neuromuscular junction and suggested that this might be due to defective K+ channels in the nerve terminal membrane. In this report, we describe abnormalities in the nerve action potential of Sh mutants by using intracellular recordings and present a detailed genetic analysis ofthe Sh locus.
MATERIALS AND METHODS
Mutants and Chromosome Rearrangements. The Sh alleles used in this analysis, Sh5, ShE62, Sh'02, ShrKol, and ShKslh, were all ethyl methanesulfonate-induced mutations. All showed normal larval salivary chromosomes in the region 16F, and none modified the recombination frequency between the markers forked (J), fluff(ff), and outstretched-small eyes (os) indicating that they may be point mutations. To analyze the Sh region, the following x-ray-induced chromosomal translocations were used: T(X;Y) V7= 16F5-8 (translocation number V7 from the X chromosome, broken in salivary band region 16F5 to 16F8 to the Y chromosome), T(X;Y) W32= 16F3-6, T(X;Y) B55= 16F1-4 and T(X;3) ShLC = 16F1-2;80. The deficiency Df(X;3) JC153 and duplication Dp(X;3) JC153 were obtained from the insertional translocation T(X;3)JC153 = 16E2-4; 17A-B;99D. In this report, the proximal element (between the breakpoint and the centromere of the X) of a T(X;Y) will be identified by the number of the translocation with a superscript P. Superscript D indicates the distal element. For scoring, the proximal elements ofall the T(X;Y)s are marked by y', and the distal are marked with Bs. The remaining chromosomes and mutants used are described by Lindsley and Grell (5) .
For gene-dosage analysis, aneuploid flies were constructed by using either the proximal element (Xe) of T(X;4) Bs or the duplication, Dp(X;3) JC153. These two elements contain the entire normal Sh region (Sh') and other genes (5) . Both aneuploidies yielded similar results.
Physiology. Adult flies (4-6 days old) were mounted ventral side up in soft wax so that the dorsal surface, including spiracles, was in contact with circulating air while the ventral surface was exposed to saline (6) . The cervical connective, containing the axon of the cervical giant fiber (CGF) neuron, was exposed by removing the propreepisternum. The composition of the normal saline was that ofJan and Jan (7) . The CGF was stimulated electrically in the brain by using a pair of insulated tungsten electrodes. Intracellular recordings of CGF action potentials were made using 3 M KCl-filled glass micropipettes of resistance 40-60 MQ. CGF motor outputs (not shown) were monitored to identify physiologically CGF recording sites (6, 8) . Membrane resting potentials varied from -60 to -80 mV for both normal and mutant CGF axons. CGF anatomy has been described (8) .
Electrophoresis. Brains were dissected from flies freezedried in acetone at -20°C. This procedure inhibits proteolysis and allows clean dissection of many organs (9) . Brains were homogenized (typically, 25 brains per 50 1u) in lysis buffer (10)/ 0.5% NaDodSO4. After centrifugation at 2000 X g for 5 min, the supernatant was run at 10 brains per gel. Twelve gels were run in parallel. For neutral and acidic proteins (pI <8), the electrophoresis method of O'Farrell (10) was used. For more basic proteins (pI >6), NaDodSO4 was omitted and electrophoresis was according to O'Farrell et aL (11) . Gels were stained with silver (12, 13 K+-channel blocker, 4-aminopyridine, indicating an outward K+ current (see Fig. 4 ). Following the spike is a small depolarizing afterpotential (see Fig. 3 ) that is eliminated by Co2", a Ca2"-channel blocker. This Ca2" component may account for the lack of undershoot in the CGF action potential. Fig. 1 shows an action potential for the mutant ShKSl-3. A delay in repolarization prolongs the time course. The duration of the action potential was defined by its full width at half maximum. The normal duration was 0.40 ± 0.06 ms (results are mean ± SD; n = 10). ShKSl33 action potentials were longer (5.2 ± 1.0 ins). These experiments used brain stimulation. This difference between normal and mutant appears to be of axonal rather than synaptic origin because it was also observed when action potentials were induced directly by injecting current through the intracellular microelectrode, or when synaptic transmission was blocked by Co2" (see Fig. 3 ).
Abnormal action potentials also are seen in other mutant alleles of Sh (Fig. 2) . Sh'02, for example, is similar in waveform and time course to ShKSl33. The action potentials are not, however, identical in every Sh allele. In Sh5, ShE62, and ShrKOl20 the action potentials begin to repolarize more quickly than for ShKSl3, but this initial repolarization is incomplete and followed by multiple spikes. Multiple spikes following a single stimulus are seen in the action potentials ofall Sh mutant alleles, although less frequently in ShKsl" and Sh'02. They vary in number and amplitude for repeated stimuli delivered to a single animal and among animals of the same genotype. Multiple spikes are considered to be a secondary consequence of the repolarization defect because of their variability, sensitivity to Co2" block (see below), and because they accompany delayed repolarization in other preparations (15, 16) . Multiple spikes have also been reported for Sh larvae (17, 18) .
Sh is Not Explained by a Ca2-Channel Defect. A delay in repolarization could be produced by abnormally large inward Ca2+ currents acting to keep the nerve axon depolarized. This possibility may be examined by using divalent cations such as Co2+ to block Ca2+ channels (14) , in which case Sh action potentials should become similar to those in normal animals. The effect of (10 mM) Co2+ on normal and ShKsl' action potentials is shown in Fig. 3 (Fig. 4, cf. Fig. 1 ). When 4-aminopyridine is applied to ShKSl3 animals, little change is seen in the waveform. These results confirm, on the intracellular level, those ofJan et at (4) for the larval neuromuscular junction, strengthening the hypothesis that Sh mutants have defective K+ channels.
Evidence that Sh Mutants Produce An Altered Gene Product. The Sh repolarization defect could be due to underproduction of a molecule-e.g., a component of a K+ channel in the membrane. Alternatively, it could be due to an abnormal molecule produced by the mutated gene. To test this, a gene-dosage analysis was done based on the observation that, generally in Drosophila, the amount of gene product is proportional to the number of copies of a gene (19 creating an animal that has a normal complement of the Sh' gene in addition to the mutant Sh gene. If the Sh mutation encodes an altered gene product, the defect should still be present, albeit reduced.
In Drosophila, the activity of genes on the X chromosome is dosage compensated (20) . That is, ifactivity in the male (with a single X chromosome) is defined as 1.0, the corresponding activity for each ofthe two female X chromosomes is 0.5. When a fly contains one or more additional small segments of the X chromosome (aneuploidy) the activity of these segments is determined by the sex of the fly. The addition ofnormal Sh+ genes to ShKS133 appeared to reduce the severity of leg shaking under anesthesia in a progressive manner, although all these animals did continue to shake. Sh+ genes greatly improved the ShKSl" action potential. Rather than the delayed repolarization characteristic of ShKSl" homozygotes, the action potential defect in animals containing various proportions of Sh+ was reduced to a rapid, albeit partial, repolarization with consequent double spiking. Even in individuals having a full complement of the normal gene, the presence of the mutant gene brought about mutant behavioral and physiological phenotypes, including leg shaking and incomplete repolarization. Similar gene-dosage experiments using two other alleles, Sh5 and ShrKol2, yielded comparable behavioral results but were not studied physiologically. We also constructed individuals having ShK 33 and an excess of the normal gene [genotype: ShKSl3/XP(T(X;4)Bs); Dp(X;3) JC153/+]. These, too, showed slight abnormality in leg shaking and action potential. Flies having extra doses of the Sh+ gene but no copy ofthe mutant gene were also tested and all had normal behavior and normal CGF action potentials. All tential such that the long-delayed repolarization is eliminated. Nevertheless, initial repolarization remains incomplete, which is the essential feature of the Sh phenotype. The extra spikes may be secondary effects. Note that, even in those genotypes in which the Sh' gene product should be present at normal or greater than normal levels, the action potentials are not completely normal.
Sh is A Gene Complex. Sh mutations occur in a small region that includes several bands within the division 16F on the salivary X chromosome. Four independently derived translocations having chromosome breaks at different points in the 16F region all show leg shaking and abnormal CGF action potentials (Fig. 6) . The locations of these breaks are shown in Fig. 7 The right boundary of Sh must be to the left of the gene os (Fig. 7) , which does not show the Sh phenotype. The right-most breakpoint that causes leg shaking and CGF action potential abnormalities is T(X;Y) V7 (Figs. 6 and 7) . To test whether this defect could be due to a second distant mutation site, recombinants were made in which the distal X chromosome of this translocation was replaced with normal X chromosome material to within 0.5 map units ofthe breakpoint. All recombinants still showed leg shaking. Thus far, no mutant alleles have been mapped to the right portion of Sh.
The central portion of Sh is of special interest. It is located between the two chromosomal breakpoints, T(X;Y) W32 and T(X;Y) V7 (Fig. 7) . It is unusual in that a heterozygous deficiency of it (genotype: V7P/W32D/FM7a) is lethal; it is a "haplolethal. " Several observations in both the larval and the adult preparations suggest a defect in K+ conductance. Jan et aL (4) showed that abnormal transmitter release could still be evoked electrotonically at Sh larval neuromuscular junctions, even when all regenerative Na'-channel activity was blocked. That indicated that the defect is not due to delayed Na+-channel inactivation. The present experiments showed that Sh mutant physiology is probably not due to a Ca2"-channel defect; the abnormality is still present when Ca2" channels are blocked with Co2". Finally, in both larval and CGF preparations, the Sh abnormality is mimicked in normal animals by the application of K+-channel blocking agents. Taken together, these observations suggest that the Sh abnormality is due to a defect in K+ conductance that prevents proper repolarization of the membrane.
Gene-dosage experiments suggest that Sh mutations cause the production of a modified gene product rather than the reduction of a normal one. An interpretation of these findings is that Sh mutations encode abnormal K+ channels that compete with normal K+ channels for a limited number of membrane sites, thus interfering with normal function. We were unable to identify the gene product by electrophoretic methods. At the sensitivity of our technique, however, a brain protein present at a level <0.01 ng per brain would not have been detected. The amount of Na'-channel protein in a Drosophila head can be estimated at 0.01 ng (22, 23) , but no data are available for the K+ channel.
Association of Sh phenotypes with chromosome breakpoints within the 16F salivary chromosome region indicates that the first two pairs of bands are definitely part of the Sh complex. Within the uncertainties ofcytogenetic determination, it is possible that the last band in 16E and the third pair ofbands in 16F are also involved. From the total thickness of these bands and from preliminary data on recombination frequencies between point mutants in the region (:0. 1 map units), an estimate ofthe DNA contained in Sh would be of the order of 100 kilobases (24) . The Sh gene appears to contain three major areas: two flanking regions in which chromosome breaks or mutations result in Sh phenotypes and a central region that, when deleted, results in haplolethality. Haplolethals are extremely rare; only one other is known in the Drosophila genome (25) .
The complexity of the Sh region raises the possibility that it might code for different subunits of a channel or functionally related channels. Distinct K+ currents have been described in a number of organisms, most notably molluscs (14) and it is becoming apparent that the membrane-excitability properties that distinguish neuron types are largely determined by differences in K+ currents. Combinations of these channels in the membrane may determine whether a cell is, for example, a pacemaking neuron, a bursting neuron, or one that fires with a single action potential. Sh mutants may contribute to our understanding ofhow excitability differences are organized within the nervous system by revealing how distributions of K+ channels are controlled at the level of the genome.
